Transcriptional dysregulation is an early feature of Huntington disease (HD). We observed gene-specific changes in histone H3 lysine 4 trimethylation (H3K4me3) at transcriptionally repressed promoters in R6/2 mouse and human HD brain. Genome-wide analysis showed a chromatin signature for this mark. Reducing the levels of the H3K4 demethylase SMCX/Jarid1c in primary neurons reversed down-regulation of key neuronal genes caused by mutant Huntingtin expression. Finally, reduction of SMCX/Jarid1c in primary neurons from BACHD mice or the single Jarid1 in a Drosophila HD model was protective. Therefore, targeting this epigenetic signature may be an effective strategy to ameliorate the consequences of HD.
polyglutamine | neurodegeneration H untington disease (HD), a neurodegenerative disease (1, 2) characterized by cognitive dysfunction, psychiatric symptoms, and choreic movements (2) , exhibits brain region-specific neuronal degeneration in the striatum and cortex. Currently, no disease-modifying treatment is available. The genetic basis of HD is the expansion of an in-frame CAG repeat sequence encoding polyglutamine. Progressive transcriptional dysregulation in both cortex and striatum and atrophy of the cortex are characteristic features (3) . Transcriptional repression of key neuronal transcripts, including neurotransmitters, growth factors, and their cognate receptors, is consistently observed and implicated in disease pathogenesis. Among the critical genes whose expression is repressed in HD mouse models and human brain tissue are the dopamine receptor 2 (Drd2), preproenkephalin (Penk1), the cannabinoid receptor (Cb2), and brain-derived neurotrophic factor (Bdnf) (4, 5) .
We hypothesized that a central event in the pathological program underlying transcriptional dysregulation includes alterations in chromatin structure in the regulatory regions of genes down-regulated in HD. To evaluate this hypothesis, we focused on H3K4 trimethylation (H3K4me3), a mark of transcription start sites (TSSs) and active chromatin (6) (7) (8) . Growing evidence suggests that this mark is plastic and modulated in conditions of chronic stress, developmental disorders, psychiatric disorders (9) (10) (11) as well as during long-term memory consolidation from contextual fear conditioning (12) , suggesting a critical function in brain.
We first investigated H3K4me3 in the R6/2 mouse model of HD, which shows patterns of transcriptional dysregulation similar to postmortem HD brain (13, 14) . Using chromatin immunoprecipitation (ChIP), we examined H3K4me3 levels for Bdnf, which is expressed in the cortex, provides trophic support for GABAergic medium spiny neurons, and is expressed at lower levels in HD (5, 15) . The potential significance of Bdnf in HD is reflected by transcriptional profiling (16) and therapeutic preclinical studies (17, 18) . Because H3K4me3 levels were lowered at Bdnf and other promoters in R6/2 mice and key neuronal genes in human HD brain cortex and striata, we expanded our approach to investigate the genome-wide relationship between H3K4me3 and sites of transcriptional dysregulation in HD model mice. We, indeed, observed strong correlations between H3K4me3 levels and changes in relative transcription levels.
Through these studies, we discovered a striking chromatin signature that identifies a specific H3K4me3 chromatin organization pattern at promoters in normal animals that predicts with high likelihood that a promoter will be transcriptionally downregulated in HD model animals. This pattern is characterized by a broad peak of trimethylation stretching downstream of the TSS. These results suggest that HD targets have a distinct regulatory mechanism in WT mice that is altered, directly or indirectly, by expanded repeat Huntingtin (HTT) and that regulators of chromatin configuration in general and H3K4me3 specifically may play a critical role in the pathway leading to transcriptional dysregulation in HD.
Based on these data, we have taken initial steps to test the hypothesis that treatments altering the distribution of H3K4me3 at these key promoters may be effective in ameliorating the pathological consequences of HD. We tested the impact of re-
Significance
Transcriptional dysregulation is an early and reproducible feature of Huntington disease (HD); however, mechanisms underlying this dysregulation are unclear. This article describes a unique pattern of the chromatin mark H3K4me3 at transcriptionally repressed promoters in HD mouse and human brain identified by genome-wide analysis. Reducing the levels of the demethylase SMCX/Jarid1c in primary neurons reversed down-regulation of key neuronal genes caused by mutant Huntingtin expression and was neuroprotective in a Drosophila HD model. These results suggest that targeting epigenetic signatures may be an effective strategy to ameliorate the consequences of HD and other neurodegenerative diseases.
ducing expression of an H3K4me3 demethylase, Jarid1c, in cell-based assays and the single H3K4me3 demethylase, lid, in a whole-organism model of HD. In these proof-of-concept studies, we show that such reductions restore expression of key down-regulated genes and are protective in cultured primary neurons derived from HD model mice as well as a Drosophila model of HD.
Results

H3K4 Trimethylation Changes at the Dysregulated Promoters in HD
Model Mice and Human HD Brain. Initial experiments focused on H3K4 methylation levels at the Bdnf locus in the R6/2 mouse (19) . The mouse Bdnf gene has eight 5′ exons that each contain a separate promoter and one 3′ exon coding for the mature protein ( Fig. 1A) (20) . Transcription from both exon II and IV is reduced in cortex from R6/2 mice as well as in human HD brain (21) . To examine if Bdnf expression correlated with H3K4me3 occupancy, ChIP was used to quantify H3K4me3 at Bdnf promoters II-IV and the coding region (IX) in cortices from 12-wkold R6/2 mice and littermate controls (19) . This mouse model, which expresses an expanded repeat-containing fragment of HTT, was selected based on published similarities in gene expression to human HD brain (14) . H3K4me3 was reduced by nearly one-half at the RE-1 silencing transcription factor/neuron-restrictive silencer factor (REST/NRSF) promoter II ( Fig.  1B ), suggesting that reduced transcription could be a conse-quence of changes in chromatin structure at the Bdnf locus, specifically a reduction in H3K4me3. This mark was nearly absent upstream of the REST binding site in promoter II and within the coding exon of the Bdnf gene ( Fig. 1C ), consistent with other reports (6, 7) . Reduction in H3K4me3 occupancy at exon II was observed during symptomatic stages of disease at 8 and 12 wk but not in presymptomatic 4-wk-old mice ( Fig. 1 B and  D) . Similar results were obtained for cortical and striatal Penk1 and striatal Drd2 loci ( Fig. 1 E and F) . In contrast, genes with expression levels that are unchanged, such as Atp5b, Rpl13a, and Lin7c, are not altered in H3K4me3 levels ( Fig. 1E ). Western blots confirmed that the changes in H3K4me3 were gene-specific and not the result of a change in bulk H3K4me3 levels in cortices or striata ( Fig. S1 A-D). The H3K4me3 mark is specifically decreased at the down-regulated genes that we tested. For example, we saw no disease-specific differences in the levels of H3K36me3 occupancy, which also marks actively transcribed genes, within the coding regions of Bdnf and Penk1 in the cortex or Penk1 and Drd2 in the striatum ( Fig. S1 E and F).
We next extended our studies of H3K4me3 occupancy to human HD brain. Consistent with previous reports (3, 19) , levels of BDNF and SYNAPTOPHYSIN (SYP) in the superior frontal gyrus (SFG) and DRD2 and PENK1 in the caudate were significantly lower in the grade 3 samples. In grade 2 samples, there was a trend to decreased expression; however, the difference was not significant ( (21, 55) . (B) ChIP shows that level of H3K4me3 measured at the exon II locus is nearly one-half of the WT levels, and the difference is significant in 12-wk-old mouse cortex (P < 0.006 by one-way ANOVA; n = 5). H3K4me3 levels are lower at exons III and IV as well; however, the difference was not significant. (C) H3K4me3 levels are specific to TSSs and nearly absent at a region upstream of the TSS by 17,392 bp and at the coding region. No antibody was added in the mock samples. (D) Age-related changes in H3K4me3 levels at the exon II start site. At 4 wk, the levels of H3K4me3 at exon II were not different between WT and R6/2 mice, whereas at 8 wk, they were lower in R6/2 mice; the difference was significant. (E) H3K4me3 levels were significantly lower at the transcriptional start site of Penk1 gene in 12-wk-old R6/2 mouse cortex compared with WT mouse (P < 0.05 by one-way ANOVA; n = 4). At the transcriptional start sites of genes Atp5b and Rpl13a, the levels of H3K4me3 were similar or lower. However, the difference was not significant. Similar results were found at the Lin7c locus, which is downstream of the Bdnf locus. (F) In 12-wk-old striatum, the levels of H3K4me3 were lower at the transcriptional start site of Drd2 and Penk1 loci (P < 0.05) by one-way ANOVA (n = 8). *P < 0.05.
ATP5B was not significantly altered as expected ( Fig. 2 A and B ). In these same samples, H3K4me3 occupancy was significantly lower at BDNF exon II and PENK1 and SYP promoters but unaltered at BDNF exon IV and the ATP5B promoter in the SFG grade 3 samples ( Fig. 2C ). For caudate, H3K4me3 levels were lower at DRD2, PENK1, and SYP promoters in grade 2 samples and reduced even further at Drd2 and PENK1 promoters in grade 3 samples, potentially preceding corresponding gene expression alterations ( Fig. 2D ). To test if these decreases are specific for H3K4me3 or simply a consequence of decreased expression and/or loss of neuronal tissue, H3K36me3 was evaluated at the coding exon of BDNF (BDNF IX) where the mark is located and the DRD2 coding region in caudate. In contrast to H3K4me3, there were no statistically significant decreases in occupancy ( Fig. 2 C and D) . Notably, there were also no changes in occupancy of H3K4me3 at BDNF exon IV promoter in SFG ( Fig. 2C ). Taken together, these results show that the reduction of H3K4me3 occupancy occurs at down-regulated genes in human HD brain, and this reduction seems selective.
Bdnf Promoter Occupancy Is Reduced at TSS in R6/2 Mouse Cortex by
ChIP-Seq. The findings described above prompted us to examine H3K4me3 occupancy across the genome in R6/2 and WT mice at 8 and 12 wk of age for both the cortex and striatum using ChIPsequencing (Seq) (Dataset S1 shows sequencing statistics). As expected, H3K4me3 was particularly enriched at TSSs (P value < 1e-200 for each dataset).
To relate the genome-wide studies to our PCR-based results, we analyzed H3K4me3 occupancy around the Bdnf gene, including its TSSs, indicating that the H3K4me3 mark was present at the TSSs of Bdnf exons I-VII and absent at the coding exon. The ChIP-Seq data confirmed that the 12-wk-old R6/2 cortex showed lower H3K4me3 levels at the REST-regulated Bdnf exon II and within this exon, H3K4me3 occupancy was lost specifically at the RE-1 site for REST binding (Fig. 3A) . We confirmed the ChIP-Seq results at other specific loci in cortex and striatum by ChIP-PCR; in the cortex, Npas2 and Npas4 had significantly lower levels of H3K4me3, and in the striatum, Egr1 locus had significantly lower levels of H3K4me3 at TSS ( Fig. S1 G and H) .
Decreased H3K4me3 Occupancy Corresponds to Decreased Gene
Expression Patterns. To identify genes that show significantly different levels of H3K4 trimethylation, we focused our analysis on a −3/+2-kb window around each TSS. We counted the number of reads in each of these windows and used loess normalization (Materials and Methods) to account for technical differences that might cause a systematic bias in the data between the R6/2 and WT mice, such as read complexity and genomic coverage. To integrate ChIP-Seq data with gene expression, RNA-Seq was performed on the same R6/2 and WT samples. Integration of ChIP-Seq and RNA-Seq results revealed a high degree of overlap between genes with decreased H3K4me3 (Materials and
H3K4me3 levels are selectively lower at promoters of down-regulated genes in human SFG and caudate. (A) BDNF and SYP gene expression was lower in grades 2 and 3 SFG samples compared with control SFG. For both genes, the difference between control and grade 3 samples was statistically significant (BDNF P < 0.05; SYP P < 0.01). ATP5B expression did not change, and PENK1 expression was lower in both groups of HD tissues, although the difference did not achieve significance. (B) In the caudate, DRD2 and Penk1 expression was significantly lower in grade 3 patient samples (P < 0.01) than control levels. ATP5B expression did not change, and SYP expression showed trends in grades 2 and 3 samples, although the differences were not significant. (C) Levels of H3K4me3 at BDNF exon II are significantly lower in grade 3 SFG samples compared with control (P < 0.05), and they are not changed at exon IV promoter. Levels of H3K4me3 are also significantly lower at PENK1 (P < 0.01) and SYP (P < 0.05) promoters in grade 3 SFG. H3K4me3 levels at ATP5B promoter and H3K36me3 levels at the BDNF coding region are not significantly different between control and grades 2 and 3 SFG. (D) In the caudate, H3K4me3 levels are significantly reduced at DRD2 (grades 2 and 3; P < 0.01), PENK1 (grades 2 and 3; P < 0.05 and P < 0.01, respectively), and SYP (grade 2; P < 0.05) promoters compared with control caudate samples. The ATP5B promoter showed no significant differences in H3K4me3 levels between control and HD samples. Although H3K36me3 levels at the DRD2 coding region were lower than control caudate samples, the difference did not reach significance. For both caudate and SFG, four control samples were compared with three grade 2 and five to six grade 3 samples, and t tests were performed to calculate statistical significance. *P < 0.05; **P < 0.01.
Methods) and decreased expression in R6/2 mice compared with WT mice at 8 and 12 wk in both cortex and striatum [hypergeometric P values: 8-wk cortex P = 0.01; 12-wk cortex P = 7.1e-68; 8-wk striatum P = 1.4e-5; 12-wk striatum P = 4.3e-77 ( Fig. 3 B and C and Fig. S2 )] (Dataset S2 shows P values using a more stringent definition for decreased H3K4me3). Although there were fewer differentially expressed genes at 8 wk, an association between down-regulated gene expression and decreased H3K4me3 occupancy was still observed in R6/2 at this age ( Fig. S2 ).
Transcriptome Analysis and Genome-Wide Analysis of H3K4me3 by ChIP-Seq in R6/2 Mouse Cortex and Striatum Reveals Alterations in Functionally Relevant Genes. We found the R6/2 transcriptome to be progressively and extensively dysregulated in both brain regions, consistent with previous reports using microarrays (12, 13) . The most extensive dysregulation was observed in 12-wk cortex samples, where over 1,000 genes were differentially expressed under a false discovery rate of 10%. More than 600 genes were dysregulated in the 12-wk striatum. We compared our results with previous reports (22) . Expression of representative dysregulated genes in these studies that are also dysregulated in our dataset is shown in Fig. 4 . Fewer changes in gene expression were observed overall in 8-wk cortex and striatum compared with 12-wk cortex and striatum (170 and 134 genes for cortex and striatum, respectively). The majority of the dysregulated genes were down-regulated, especially for the 8wk age. Gene expression tables for each region and age are in Dataset S3. Similar to the transcriptome, differentially H3K4 trimethylated genes (1 SD from the regression line) ( Fig. 3 B and C) were enriched for a number of gene ontology (GO) biological processes terms (Dataset S4), some of which were common in both cortex and striatum datasets. In 12-wk-old R6/2 mice, genes with reduced H3K4me3 were associated with terms that are highly relevant for brain physiological functions, such as synap- The number of reads in each sample was transformed to log 2 and normalized by loess regression. Genes that show higher expression in R6/2 mice (red) and genes with lower expression in R6/2 mice (blue) are indicated. Note that a large group of genes had both lower H3K4me3 (below the diagonal) and expression levels (blue) in R6/2 mouse (C) cortex and (B) striatum. P values represent the statistical significance of the overlap between genes down-regulated in R6/2 and genes with lower H3K4me3 levels, and they were computed using the hypergeometric distribution.
tic transmission, signal transduction, and G protein-coupled receptor signaling pathway. The list of genes with increased H3K4me3 was enriched for regulation of gene expression. In 8wk-old R6/2 mice, similar overrepresented categories emerged. Biological processes, such as signal transduction, were overrepresented in the list of genes with lower H3K4me3 occupancy; processes, including RNA splicing and regulation of cell differentiation, were overrepresented among the set of genes with increased H3K4me3 occupancy (Dataset S4 shows complete lists of enriched GO terms).
In the 12-wk cortex, 293 down-regulated genes showed lower H3K4me3 levels at their promoters, including Bdnf, Grin2c, Jun, and Arc. Similarly, in the striatum of 12-wk-old R6/2 mice, 217 genes were down-regulated and showed reduction in H3K4me3 mark at their TSSs of greater than 1 SD from the loess regression line. It is noteworthy that 73 genes had lower levels of H3K4me3 and reduced expression in both the striatum and cortex of R6/2 mice at 12 wk of age, including activity-regulated genes, such as Npas4 and Arc, as well as protein kinases, including Camk4 and Mapk4 (Dataset S2 shows the complete gene lists).
Down-Regulated Genes in R6/2 Mice Are Associated with a Specific
H3K4me3 TSS Profile. Previous studies have shown that differences in the distribution of histone methylation around the TSS often distinguish classes of genes, even when these genes cannot be separated by their expression levels (23) (24) (25) (26) . Indeed, we observed an H3K4me3 profile in WT animals that distinguished between genes that decrease in expression in the mutant mice and genes that do not decrease. Specifically, in WT animals, there is a set of genes that has significantly higher levels of H3K4me3 in the coding regions compared with genes that are not differentially expressed in the mutants (Fig. S3 A-D) . This pattern is exemplified by Bdnf, Arc, and Grin2c (Fig. 3A and Fig.  S3E ). By contrast, Lin7c and Atp5b are examples of genes that are not differentially expressed in the mutants and show similar levels of H3K4me3 levels around their TSSs in WT and mutant animals (Fig. S3F) . Fig. 4 . Genes differentially expressed in R6/2 are representative of transcriptional dysregulation in HD. Heat maps of gene expression in 12-wk (A) cortex and (B) striatum for R6/2 (n = 3; gray) and WT littermates (n = 3; black). Previously identified HD-associated genes that were significantly differentially expressed in respective regions are shown. Reads per kilobase of exon model per million mapped reads values for each gene across all samples were mean-normalized and shown as ±1 SD. Of the genes shown in A, 41% also had significantly lower levels of H3K4me3 in R6/2. The corresponding number for B is 70%.
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To investigate the H3K4me3 mark more rigorously, we used kmeans clustering (Materials and Methods) to identify five predominant patterns of H3K4me3 that occur in both WT and R6/2 mice ( Fig. 5 A and B for 12 -wk cortex and striatum and Fig. S4 A and B for 8-wk cortex and striatum). Strikingly, there is a specific H3K4me3 profile in WT mice marking a very large fraction of genes that will be down-regulated in the presence of mutant HTT. In particular, genes down-regulated in R6/2 are very likely to be members of a particular cluster that we label as class 1, which has a broad peak of H3K4me3 downstream of the TSS in WT mice [P values: 12-wk cortex P = 2.00e-59; 8-wk cortex P = 1.12e-16; 12-wk striatum P = 8.05e-38; 8-wk striatum P = 1.82e-9 ( Fig. 5 A and B and Fig. S4 A and B) ]. Of 607 genes that are down-regulated in 12-wk cortex and have sufficient H3K4me3 coverage to be assigned a profile, 315 (52%) genes were in class 1 as opposed to 14%, 12%, 11%, and 10% in classes 2, 3, 4, and 5, respectively ( Fig. 5 C and D and Fig. S4 C and D) . This association strengthens from 8 to 12 wk of age as R6/2 mice progress through the pathological program caused by expression of the expanded CAG repeat in the HTT gene. Interestingly, genes in class 1 are enriched in GO biological processes critical for neuronal functions, such as signal transduction, G protein-coupled receptor signaling, neurogenesis, axon guidance, learning or memory, and regulation of transcription (Dataset S5). It is important to note that class 1 genes show similar expression levels to other classes ( Fig. S4 E-H) . Therefore, we conclude that this pattern cannot be explained as a simple consequence of differences in transcription.
Although the class 1 H3K4me3 profile in WT mice is strongly associated with down-regulation of expression of the corresponding genes in R6/2 animals, it is also important to note that, as the disease progresses, genes in the class 1 H3K4me3 group remain in that class. They do show a decrease in the levels of H3K4me3, but this mark remains spread across the coding region in a profile that is distinct from other classes. Unlike genes that were down-regulated, genes that were up-regulated in R6/2 mice did not show any significant association to a particular H3K4me3 TSS profile, except for an association between upregulated genes in the 12-wk R6/2 cortex and class 4 profile (P = 1.49e-4).
Potential Regulators of Differential Trimethylation. We used sequence analysis to identify potential transcriptional regulators that could be recruiting methyltransferases and demethylases to differentially expressed genes in R6/2 mice. Previous studies (24, 27) have shown that the sites of such regulators should not be expected directly underneath the peaks of methylation. Therefore, we determined the location of chromatin accessible binding sites for regulatory proteins near the enriched H3K4me3 regions in WT and R6/2 mice based on an empirical spatial distribution derived from DNase-Seq and H3K4me3 ChIP-Seq data ( Fig. S4  I and J) . Applying this method to our H3K4me3 data from WT mice yielded a set of sequences that we searched for known DNA binding motifs (Dataset S6).
This analysis reveals several potential regulators that have been previously associated with HD. Genes down-regulated for both expression and H3K4me3 are associated with motifs for REST/NRSF (12-wk cortex P = 2.52e-11; 12-wk striatum P = 2.67e-8 (217 promoters)] and Sp1 binding motif (12-wk cortex P = 1.55e-10; 12-wk striatum P = 9.85e-11). These two motifs are also enriched in class 1 genes (REST/NRSF: cortex P = 7.66e-54; striatum P = 8.09e-61; Sp1: 8-wk striatum P = 7.25e-18; 12-wk cortex P = 8.43e-21; 12-wk striatum P = 9.85e-11). Both REST (28) and Sp1 (29, 30) have been previously linked to HD. In addition, our motif analysis suggests other possible regulators linked to down-regulation of expression and H3K4me3, including PPAR (reviewed in ref. 31 ) and p53 (32, 33) . Histone Demethylases Are Dysregulated in Mutant Htt-Expressing Brain Tissues. The identification of a specific signature of histone methylation associated with mutant HTT-induced pathology suggested the possibility that intervention designed to impact this methylation pattern could have significant therapeutic benefit in HD. To explore this approach for HD, we sought a strategy to manipulate histone methylation in a targeted manner. In our RNA-Seq data, five demethylases, including Jarid1c, Jarid1b, Phf2, Mina, and Hspbap1, showed a trend to increased expression in R6/2 brains (Fig. S5A) , whereas there is no consistent down-regulation of histone methyltransferases (Fig. S5B) . Among the histone demethylases, only Jarid1b and Jarid1c encode proteins with proven H3K4me3 demethylase activity (34) . Although Jarid1b had slightly higher expression in WT brain, we focused on Jarid1c, which is relatively brain-enriched (35) , is implicated in neuronal development (36) , and had a stronger trend to dysregulation (Fig. S5A ). More importantly, JARID1C interacts with REST (37), and the NRSE motif is strongly enriched near sites of reduced H3K4me3 (see above). Jarid1c was progressively dysregulated with expression similar between 4-wk-old WT and R6/2 mice, increased in R6/2 mice at 8 and 12 wk in cortex, and increased at 12 wk in striatum ( Fig. S5C) . Consistent with these studies in mice, Jarid1c was higher in grade 3 human HD caudate compared with control samples (Fig. S5D) . These results are also consistent with findings that Jarid1c is increased in HD Htt (Q150) knockin mice (14) .
Jarid1c Knockdown Reduces Toxicity and Modulates Mutant HTT-Mediated Transcriptional Dysregulation in Vitro and in Vivo. First, we tested the effect of Jarid1c knockdown on primary cortical neurons (PCNs) derived from C57BL6 mice. Transduction of WT PCNs with lentiviruses expressing shRNA to Jarid1c resulted in >70% knockdown at the RNA level, with an apparent decrease of ∼50% at the protein level (Fig. S6A ). Furthermore, knockdown resulted in increased BDNF protein levels determined by both ELISA and Western analysis ( Fig. S6 A and B) . In-cell Western analysis showed an enhancement in neurofilament (169 kDa) expression, which measures neuronal maturation ( Fig.  S6C ), suggesting that knockdown improved the overall health of these neurons. We also found that knockdown of Jarid1c resulted in an increase in H3K4me3 levels at the REST-regulated exon II promoter of Bdnf, the REST-regulated Synapsin I and Chrm4 promoters, and Bdnf exon IV, a non-REST-regulated promoter (Fig. S6D) .
To test if modulation of Jarid1c activity counteracts the effects of mutant HTT, we evaluated the effects of acute Jarid1c knockdown in PCNs in the presence or absence of mutant HTT polypeptides. Primary cortical neurons were obtained from embronic day E16-E18 C57BL6 mouse embryos and cultured as described (38, 39) for up to 14 d. These neurons were transduced with lentivirus expressing GFP alone or the same region of mutant HTT encoded by exon 1 that is expressed in the R6/2 mice with 97 glutamines epitope tagged with GFP (97QP-GFP). In PCNs, by 4 d in vitro (DIV4), nuclear aggregates are visible in 97QP-GFP-expressing neurons. After 12 d in culture, cells expressing 97QP-GFP began to display reduced Bdnf and Penk1 expression compared with cells transduced with GFP alone (Fig. 6A ). We found that cotransduction with lentivirus expressing Jarid1c shRNA resulted in restoration of expression of these genes statistically similar to control GFP-expressing cells, whereas Syp expression increased above control levels (Fig. 6A) . Interestingly, when we compared representative genes from various classes based on their H3K4me3 TSS profile in vivo, genes with the class I pattern were the most likely to decrease in expression with 97QP-GFP expression and increase in expression with Jarid1C knockdown ( Fig. S6 E and F) . We next tested whether knockdown of Jarid1c could restore expression of Bdnf in PCNs derived directly from a full-length mutant HTT mouse model of HD. The BACHD mouse model (40) is a transgenic model expressing full-length mutant human HTT as a BAC transgene that begins to show symptoms beginning at 2-3 mo of age. The mice are visibly symptomatic by 10-12 mo of age, with dramatic brain weight and volume loss and protein aggregates. Reduction of Jarid1c after shRNA transduction into BACHD-derived PCNs was confirmed by quantitative PCR (qPCR) (Fig. 6B) and Western blot (Fig. 6C) . Consistent with the findings above for WT neurons, a nearly fourfold increase in Bdnf is observed by Western blot analysis (Fig. 6C) . These findings show that targeting this epigenetic mark increases expression of key genes in a full-length HD context. In both WT PCNs transduced with 97QP-GFP and BACHD neurons, knockdown of Jarid1c resulted in a large increase in expression of Syp, suggesting that the knockdown of Jarid1c may have generally neuroprotective properties in the presence of expanded polyglutamines ( Fig. 6 A-C) .
Finally, to assess whether the JARID1 class of demethylases might influence mutant HTT pathogenesis in vivo, we analyzed the effects of partial loss of its Drosophila single ortholog little imaginal disks (lid; CG9088), an H3K4me3-specific demethylase (41) . In the Drosophila model used, the first exon of human HTT with an expanded polyglutamine domain (HTTex1p-Q93) is expressed in all neurons, resulting in reduced viability and progressive degeneration of neurons (42) . HTTex1p-Q93-expressing flies that are either WT with two doses of lid or heterozygous for a mutation of lid (one dose) were compared with control siblings not expressing HTTex1p-Q93. Numbers of expanded repeat HTT-challenged flies surviving to adulthood (eclosing) when they had reduced lid (heterozygous for the lid 10424 loss of function allele) were compared with flies homozygous for WT lid, and we found that, although the number of eclosed HTTex1p-Q93 flies WT for lid was 5.3 ± 1.5% of nonexpressing control, the eclosion ratio of HTTex1p-Q93 flies heterozygous for lid 10424 increased to 12.4 ± 2.8% (P = 0.013, t test), suggesting neuroprotection ( Fig. 6D ). Neurodegeneration was analyzed by scoring the number of intact photoreceptor neurons in 7-d-old flies using the pseudopupil technique. When flies were reared at 22.5°C and shifted to 25°C on eclosion, the average number of rhabdomeres (light-gathering structures of photoreceptor neurons) per ommatidium was 4.10 ± 0.07 in HTTex1p-Q93expressing flies with WT lid ( +/+ ), whereas in HTTex1p-Q93expressing flies with heterozygous lid 10424 ( +/− ), the average number of rhabdomeres increased to 4.96 ± 0.16 (P = 0.0038, t test) ( Fig. 6E) . Levels of the HTT transgene expression were not affected by heterozygosity for lid ( Fig. 6F) . Thus, our results indicate that reduced lid activity ameliorates mutant HTT-induced in vivo phenotypes in Drosophila.
Discussion
We find that expression of polyglutamine-expanded HTT is strongly associated with a specific pattern of histone methylation. Manipulation of histone methylation levels can at least partially restore transcriptional dysregulation in primary neurons and is neuroprotective in flies, suggesting that chromatin-modulating enzymes, including JARID1C, are rational therapeutic targets for HD treatment. Genes that decrease in expression in R6/2 mice because of the presence of a pathological HTT exon 1 transgene have an unusual pattern of H3K4me3, even in WT animals. This H3K4me3 pattern, which spreads broadly downstream of the TSS, is even associated with decreased expression of genes that maintain stable levels of H3K4me3 in 12-wk cortex (P = 1.2e-13) and striatum (P = 1.7e-04). These data suggest that the profile may be associated with recruitment of proteins with presence or absence in R6/2 that causes transcriptional dysregulation without changes in H3K4me3. We propose that this observation-genes that will be down-regulated in R6/2 animals have a specific distribution pattern of H3K4me3, even in striatal and cortical cells of normal animals-is an important clue to understanding the mechanistic basis of transcriptional dysregulation in HD.
The view that the distinctive architecture of H3K4 methylation at TSSs is a defining functional characteristic of classes of promoters is supported by observations in a wide range of eukaryotic systems. For example, in Arabidopsis, genes with expression patterns that are altered in response to dehydration show a pattern of H3K4me3 at transcriptional start sites similar to the one that we observe for down-regulated HD genes, and this pattern persists in both the dehydrated and watered state (26). The H3K4me3 classes that we observe also closely resemble the clusters previously reported for H3K4me2 in human CD4+ T cells (27) . In this case, genes with tissue-specific expression showed a broader distribution of the mark extending into the expressed portion of the gene, suggesting that a unique chromatin signature at specific promoters may regulate their tissue-specific expression. Finally, there is precedence for specific classes of H3K4me3 profiles in brain that may be involved in tissue-specific expression, because five different classes of genes were identified in neurons isolated from prefrontal cortex, with genes encoding proteins with neuronal function having a similar broader distribution of H3K4me3 (43) .
Considering these findings in diverse species together, we suggest that the observed H3K4me3 architecture reveals a fundamental property controlling expression levels, and in HD, it determines a response to HTT exon 1 expression. One important open question is how the pattern of H3K4me3 relates to other epigenetic features. Expression of mutant HTT has recently been shown to be associated with changes in DNA methylation (44) , and there are precedents for a connection between changes in DNA methylation and trimethylation of H3K4 (45) (46) (47) . We, therefore, propose that uncovering the regulatory mechanisms that establish, maintain, and respond to the characteristic epigenetic patterns at sensitive promoters, including the specific complexes formed and cross-talk between histone modifications and DNA modifications, should give insight into why these genes are particularly sensitive to the presence of mutant HTT and may provide insights into how to restore their transcription.
A key question that our studies raise is whether mutant HTT exerts its effects on down-regulated promoters through a direct and preferential action with chromatin at the site of each promoter or alternatively, mutant HTT acts to activate a cell signaling pathway that impacts H3K4me3 at target sites when activated by mutant HTT. Understanding which of these alternative mechanisms underlies the phenomena that we reported here will have impact on the strategy for additional development of therapeutic intervention for HD.
Materials and Methods
ChIP-PCR. Finely chopped pieces of one hemisphere of cortex or both halves of striatum were fixed with 1% formaldehyde at 37°C for 15 min and then washed with ice-cold PBS two times. For human samples, ∼100 mg tissue were finely chopped and fixed with 1% (vol/vol) formaldehyde. The fixed brain sections were prepared as described previously (48) and in SI Materials and Methods. Before addition of the H3K4me3 antibody for immunoprecipitation, 0.5% (vol/vol) of each sample was taken as input. The cross-links were reversed in the input samples, and after precipitation, DNA was resuspended in 20 μL deionized water. In the remaining sample, antibody was added and incubated overnight. After immunoprecipitation, washes, reversal of cross-links, and precipitation of DNA, the pellet was resuspended in 20 μL deionized water, and this sample was denoted as the IP sample. Genespecific primers were used for qPCR (Dataset S7), and 1 μL input and IP samples were used in each PCR. The Δcrossing threshold (Ct) values between IP and input were compared among different samples.
